Objective: To assess the relationship between infant feeding practices and mortality by 18 months of age among children born to HIV-infected mothers in the Kesho Bora trial (Burkina-Faso, Kenya and South Africa).
Introduction
Without interventions, the risk of breastmilk transmission of HIV after 4-6 weeks of age is about 0.8% per month of breastfeeding [1, 2] . Complete avoidance of breastfeeding is the only way of totally preventing mother-to-child transmission (MTCT) of HIV through breastmilk. However, avoidance of breastfeeding and early cessation have been associated with increased risks of morbidity and mortality in resource-constrained settings [3] [4] [5] [6] [7] [8] [9] [10] [11] . Recently, clinical trials have demonstrated the efficacy of antiretroviral prophylaxis in reducing the risk of MTCT through breastmilk [12] [13] [14] [15] [16] . Providing maternal or infant antiretroviral drugs while breastfeeding thus appears to be a promising strategy to keep children alive while remaining HIVuninfected in resource-constrained settings where formula feeding is not safe [17] .
Meanwhile, several aspects of the association between infant feeding modality and mortality need further investigation. First, the contribution of infant and maternal morbidity as a determinant of both breastfeeding cessation and death of the child (i.e. reverse causality) has not been fully addressed. Second, it is unclear to what extent mortality is a consequence of a deleterious effect of the event of weaning or of the fact of receiving replacement feeding per se. Third, little information is available regarding the association between the degree of exclusivity of breastfeeding and mortality.
The present analysis aimed to address these issues using data collected in the Kesho Bora randomized controlled trial (RCT), conducted in three countries of sub-Saharan Africa. This trial assessed the efficacy of antiretroviral prophylaxis to reduce MTCT of HIV and followed mother-infant pairs from birth to 12-24 months postpartum with collection of detailed data on infant feeding practices and morbidity. Women were counselled to either breastfeed exclusively up to 6 months or to formula-feed from birth, but nonexclusive breastfeeding was common and many women breastfed for considerably less than 6 months. Feeding practices within the first 6 months were highly heterogeneous, providing a good opportunity to assess the relationship between mortality and infant feeding mode.
Specific objectives were: to compare mortality risks according to breastfeeding practices defined as never breastfed, weaned (stopped all breastfeeding) or still breastfed and according to breastfeeding type namely, exclusive, predominant and partial breastfeeding; and to assess whether child's or mother's health events prior to breastfeeding cessation contributed to any observed associations between breastfeeding cessation and mortality.
Methods
The design of the Kesho Bora RCT has been described in detail previously [12, 18] . Briefly, pregnant women were enrolled at antenatal clinics at five study sites (Bobo-Dioulasso, Burkina Faso; Mombasa, Kenya; Nairobi, Kenya; Durban, South Africa and Somkhele, South Africa). Enrolment criteria for the RCT were gestational age below 34 weeks, WHO clinical stage 1, 2, or 3, and a CD4 cell count of 200-500 cells/ml. Women were randomized to initiate either triple antiretroviral prophylaxis [combination of zidovudine (ZDV), lamiduvine, and lopinavir/ritonavir; ¼ triple ARV] until cessation of breastfeeding or the South-African standard antiretroviral prophylaxis for MTCT [ZDV until delivery with single dose nevirapine (NVP) to women at the onset of labour and to the newborn infant; ¼ ZDV/sdNVP].
Ethical clearance for the study was given by the ethical and regulatory committees in Burkina Faso, Kenya, and South Africa, and at the WHO and the US Centers for Disease Control and Prevention. All women provided written consent. The RCT was registered with Current Controlled Trials, ISRCTN71468401.
Infant feeding counselling based on 2004 WHO guidelines [19] was provided individually to all women by dedicated nutritionists or nurse counsellors [20, 21] .
Mother-infant pairs were seen at birth, every 2 weeks until 8 weeks after delivery, monthly until 12 months and every 3 months until 18 months to assess clinical, nutritional and biological characteristics. Infant-feeding patterns were assessed by interviewers, who were not involved in infant feeding counselling (with the exception of Bobo-Dioulasso study site) using an adaptation of the WHO infant-feeding assessment tool [22] . At each visit, mothers were asked if their child has been given breastmilk, replacement feeding or both. From the 2-week to the 6-month visit, an additional questionnaire was used for breastfeeding women to record foods or fluids ever given since the last scheduled visit.
Inclusion criteria and definitions for this analysis
Women enrolled in the RCT and their live born infants were included in the analysis if at least one visit for which infant feeding was reported and at least one HIV PCR test result for the child was available. The mode of feeding was first defined as never breastfed for children who received only replacement feeding from birth and as ever breastfed for children who were ever breastfed, irrespective of the duration of breastfeeding. Second, ever-breastfed children were classified at each point of time as still breastfed or weaned. The time at weaning was defined as the last visit at which breastfeeding was reported. Children who died or were lost to follow-up before weaning were considered to have been breastfed up to the date of death (for those who died) or the date of the last contact (for those lost to follow-up). Third, still breastfed children were further classified at each timepoint from birth to 6 months as exclusively, predominantly or partially breastfed according to which fluids and foods they received [23] [24] [25] . A child who was breastfed at a given age while having never received any other food or drink with the exception of drops or syrups consisting of vitamins, mineral supplements or medicines, was considered as exclusively breastfed. A child who was breastfed at a given age having ever received food-based fluid, solid-food or nonhuman milk was considered as partially breastfed. Breastfed children having been given water or water-based drinks only were predominantly breastfed [26, 27] .
A protected source of water was defined as available if piped water into the house or compound was the main source of drinking water. A socioeconomic score was calculated by multiple correspondence analysis using eight household assets [28, 29] . This score was categorized in tertiles of increasing economic level within each study site. Three periods of enrollment were defined: 2005-06, 2007 and 2008. Serious adverse events (SAEs) were defined as previously described [12] . Low birth weight was defined as a birth weight below 2500 g. Cotrimoxazole prophylaxis was defined as until 12 months versus less than 12 months (including none).
Statistical analysis
Maternal and infant characteristics were compared between 'never' and 'ever' breastfed groups using Student's t-test and the x 2 -test. Kaplan-Meier survival analyses were used to estimate cumulative child mortality. Log rank test was used to compare mortality between infant feeding groups (never versus ever breastfed).
Cox proportional hazards survival analyses were used to assess association of infant mortality with infant feeding patterns. Hazard ratios (HRs) and adjusted hazard ratios (aHRs) and 95% confidence intervals (CIs) were obtained. Infant-feeding mode was included as a fixed variable with two modalities (ever and never breastfed) [model 1]. Then, feeding practice (still breastfed, weaned and never breastfed) was tested as a time-varying variable [model 2]. In a third analysis, the modality 'still breastfed' was further split into three categories: exclusively, predominantly or partially 'still breastfed' [model 3]. Model three was run for the first 6 months of age in which these different feeding practices are defined. In addition to infant feeding variable, any available baseline variable (as listed in Table 1 ) was included in the models if its association with mortality in univariate analysis had a P-value below 0.25. Study sites were included in all models as a fixed effect. Missing data were considered as a specific category in all analyses to ensure stability of the sample sizes. Piece-wise time-varying covariates for age at complete breastfeeding cessation were introduced to assess whether the association between weaning and mortality were constant over time. Three age groups were considered: 0-2.9; 3-4.9; and 5 months and above. Interactions between any 'baseline' variable and infantfeeding variables were added in the model to identify effect modifiers. Some analyses were done separately according to HIV-infection status of the child, treatment allocation (triple ARV vs. ZDV/sdNVP prophylaxis) and cotrimoxazole prophylaxis, even in the absence of significant interaction terms. Estimated survival curves according to feeding practices (time-varying variables) were obtained using the Simon and Makuch method [30] ( Fig. 1 ).
To address reverse causality, we reviewed data (i.e. routinely collected maternal recall of any infant feeding modification due to the illness leading to death) from the SAE form reporting the death of the child to determine whether the mother reported that she changed the way she fed her child as a result of health events. We also applied marginal structural models to estimate the effect of breastfeeding cessation on children's deaths by appropriate control for the effects of time-dependent confounders (i.e. the child's or the mother's health events) [31, 32] . Three time-dependent covariates corresponding to the occurrence of an SAE for the child (excluding deaths) or for the mother and occurrence of a health event (diarrhea, vomiting or fever) for the child were considered. First, logistic regression models were fitted to predict patient-specific and time-specific probabilities of weaning as a function of baseline variables (as listed in Table 1 ) and health event variables as defined above. These predicted probabilities were then used to derive inverse probability weights (IPWs) for weaning. Second, these IPWs were used in a weighted pooled logistic model, which included baseline confounders and breastfeeding cessation variable, to estimate the parameters of a proportional hazards marginal structural model. The assumption of positivity was assessed by checking that all categories of exposure (weaned or not) were observed for the most important confounders. We also checked that stabilized weights satisfied the condition of small variability. SAS (version 9.2; Cary, North Carolina, USA) and Stata (version 10.1; Stata Corp, College Station, Texas, USA) statistical software were used to conduct these analyses.
Results
Size and characteristics of the study population Of 824 HIV-infected women enrolled in the Kesho Bora RCT, 805 delivered live born infants between June 2005 and August 2008. Of these 805 infants, six died before feeding initiation, two were lost to follow-up before recording information on the first feeding, and two died without a PCR test to determine HIV-infection status. The category 'unknown' was not considered in the comparison of the distribution between infant-feeding modes.
c Yes, if the child received cotrimoxazole prophylaxis until 12 months or until the month preceding death or lost to follow-up.
Therefore, the study population for this analysis comprised 795 mother-infant pairs. Of these, 177 (22.3%) mothers never breastfed, whereas 618 (77.7%) initiated breastfeeding (Table 1) . Compared with mothers who initiated breastfeeding, mothers who chose replacement feeding had a higher level of education and were more likely to have access to a protected source of water. They were also more likely to have a CD4 þ cell countless than 350 cells/ml and to have had a Caesarean delivery.
Cumulative follow-up rates at the 18-month visit (excluding deaths) were similar in formula fed and ever-breastfed children (89.3 versus 87.1%; P ¼ 0.43).
Mortality among ever and never breastfed infants
A total of 63 children died within 18 months. The estimated overall mortality rate was 4.5% by 6 months, 7.4% by 12 months, and 8.3% by 18 months of age. The estimated cumulative mortality rate by 18 months was 10.5% in the never breastfed group compared with 7.7% among ever breastfed children, but the difference was not statistically significant (P-value for log-rank test ¼ 0.20).
In univariate or multivariate analyses, study site, maternal age, maternal education, source of water, socioeconomic score, treatment allocation, maternal HIV-related characteristics at delivery (CD4 cell count and viral load), mode of delivery, infant characteristics (sex, birth weight) and cotrimoxazole prophylaxis were not associated with mortality. Period of enrollment showed a weak association with mortality in univariate analysis (see table, supplemental digital content 1, http://links.lww.com/ QAD/A294). The risk of death tended to be higher for never-breastfed children compared with ever-breastfed children ( Table 2 , Model 1). HIV infection status of the child was strongly associated with the probability of death (aHR, 8.0; CI, 4.5;14.2; P < 0.001).
Mortality and infant feeding practices over time
The median duration of breastfeeding was 4.9 months (interquartile range, 2.8;6.0). A total of 161 (26.1%) Model 1 includes a fixed variable for mode of infant feeding; models 2 and 3 include a time-varying variables with three categories in model 2 (still breastfed, weaned and never breastfed) and five categories in model 3 (exclusively, predominantly, partially breastfed, weaned and never breastfed). c For detailed feeding practices in univariate analyses or in model 3, analyses were run for mortality in the first 6 months.
mothers stopped breastfeeding before their child reached 3 months of age, 162 (26.2%) mothers continued to breastfeed at 6 months of age. Weaned and neverbreastfed children were at greater risk of death compared with still-breastfed children with similar adjusted HRs ( Table 2 , Model 2 and Fig. 1 ).
Interaction terms combining study arm, HIV infection status of the child or cotrimoxazole use with infant feeding modality were not statistically significant (P > 0.20) and HR estimates in adjusted analyses were similar across the different subgroups. The aHR of weaned versus still breastfed was 8.7 (CI: 2.7-28.5; P < 0.001) and aHR of never breastfed versus still breastfed was 7.8 (CI: 2.3-26.7; P ¼ 0.001) among uninfected children. In infected children aHR of weaned versus still breastfed was equal Gastroenteritis and pneumonia accounted for 71% of all causes of death in weaned and formula fed children, whereas gastroenteritis was never reported as a cause of death in children who were still breastfed at the time of death (Table 3) .
To investigate whether the association between weaning and mortality varied with age, we assessed the effect of weaning before 3 months and between 3 and 4.9 months by introducing two time-varying covariates for these two periods in comparison with weaning from 5 months of age. Among ever breastfed children, weaning before 3 months was associated with a 3.5-fold increase in mortality (CI: 1.7;7.3; P < 0.001), whereas weaning at 3 to 4.9 months was associated with a 2.2-fold increase (CI: 0.9-5.4; P ¼ 0.08) compared with weaning after 5 months.
Reverse causality and time-varying confounders
Breastfeeding cessation as a consequence of a serious illness that led to death was reported in one case. Overall, the median period of time between breastfeeding cessation and death was 2.4 months [interquartile range (IQR): 1.4-5.4] and only one child died within 15 days after breastfeeding cessation.
Marginal structural models were used to account for timedependent confounding. For ever-breastfed children, the unweighted model (i.e. without controlling for health event confounding) indicated that weaned children had a higher risk of mortality compared with still breastfed with an adjusted HR of 5.0 (CI: 1.8-13.6). The aHR obtained from the full weighted-model was slightly attenuated [4.4 (CI: 1.6-11.9)]. Similar HR attenuation was observed in uninfected and infected children (data not shown).
Mortality and mode of breastfeeding over time
Of 618 women, who initiated breastfeeding, 246 (39.8%) and 137 (22.2%) were still exclusively breastfeeding at 3 and 5 months, respectively. One hundred and four (16.8%) practiced partial breastfeeding for more than 1 month, in the first 6 months. When disaggregated by breastfeeding type, there was no statistical difference in the risk of death within the first 6 months between children who were exclusively, predominantly or partially breastfed ( Table 2 , Model 3). Weaned and never-breastfed children were at a substantially higher risk of mortality in comparison with exclusively breastfed children.
Discussion
The relationship between infant feeding practices and mortality was investigated in 795 children born to 1626 AIDS 2013, Vol 27 No 10 HIV-infected mothers in three countries of sub-Saharan Africa. No evidence of difference in mortality risks was found when comparing never breastfed to ever-breastfed children. If mode of feeding was taken into account using time-dependent variables, weaned or never-breastfed children were at about a seven-fold higher risk of dying compared with children who were still breastfed. Additional results indicated that the adverse effect associated with breastfeeding cessation decreased with increasing age of infant between birth and 6 months of age. Moreover, although evaluating associations in subsamples like infection status or trial arm may have been limited by the small number of events, breastfeeding appears to remain protective for HIV-infected infants as for HIV-uninfected ones, and whether or not the mother receives antiretroviral prophylaxis during breastfeeding.
Previous studies documenting an association between feeding modality and mortality among HIV-exposed children have shown that, at best, replacement feeding results in no benefit in survival [7, [33] [34] [35] [36] [37] and, at worse, results in a six-fold increase in mortality by 12 months of age compared with breastfeeding [3, 5] . Heterogeneity of findings between these reported studies can be explained by different socioeconomic and cultural settings. The definition of infant-feeding modality (fixed or timedependent variable) used in studies might also have led to the different magnitude of effect; however the direction of effect was consistent in the various studies.
In agreement with observations made by Kuhn and colleagues [11] , our results indicated a continuous adverse effect of receiving replacement feeding after cessation of breastfeeding, rather than a temporary deleterious effect of the event of weaning. First, deaths in weaned children were not concentrated in the period immediately following weaning but were homogeneously distributed in the whole period of replacement and complementary feeding. Second, HRs were similar in weaned and never breastfed children. The median time period between breastfeeding cessation and death was 2.4 months, which is longer than in a study in rural Uganda (i.e. 1.5 months) despite similar duration of follow-up, maybe because the level of schooling and hygiene were lower in the latter [3] .
No evidence of difference between exclusive and predominant breastfeeding was found, and partial breastfeeding was associated with an intermediate risk between exclusive/predominant and replacement feeding. However, the number of events was limited in the partial category and the study was not powered to examine this question. Several studies have documented the relationship between breastfeeding mode and HIV transmission or HIV-free survival in HIV-exposed children [38] [39] [40] [41] [42] whereas others focused specifically on morbidity or mortality of children [3, 9, 39, 43] . Overall, these studies indicated that exclusive breastfeeding is associated with the lowest risks of transmission, morbidity and mortality, and partial breastfeeding with the highest, but the difference between these two categories was reduced for mortality risk.
An important strength of this study lies in the effort made to control for confounding, notably of time-dependent variables. Indeed, the study of infant-feeding modality and mortality may be affected by a time-dependent confounding, which cannot be handled by traditional statistical means. Few studies have addressed this issue of reverse causality [11, 44, 45] . Some investigators tried to account for situations in which breastfeeding cessation and death both caused by a serious illness occurred within a short time, about 1 week. In this analysis, we addressed the issue of reverse causality by using marginal structural models. It allowed us to account for potential reverse causality situations wherein an illness episode, breastfeeding cessation, and death could occur over a long period. Although the child's and the mother's morbidity were determinants of weaning (results not shown), the amount of confounding was low. Marginal structural models are appropriate tools to explore causal relationships. However, estimation of the causal effect relies on several assumptions including the assumption of exchangeability, that is, all confounders are measured and appropriately taken into account in the models. Although we cannot exclude the possibility of unmeasured confounding, the great amount of information collected during the Kesho Bora trial allowed us to include all major potential confounders in the analysis.
It should be pointed out that breastfeeding durations were limited to approximately 6 months. Women were strongly encouraged to wean by that age in agreement with international and national recommendations at the time of the study. Our results cannot necessarily be generalized to longer periods of breastfeeding. However, it seems reasonable to hypothesize that the decrease in the protective effect of breastfeeding with increasing child age demonstrated within the 0-6-month age interval continues beyond the age of 6 months.
Four out of five of the Kesho Bora study sites were in urban African settings. Our results cannot be generalized to rural areas. However, it is likely that the detrimental effect of non or short-duration breastfeeding would be even larger in more remote rural areas.
In conclusion, the data presented here confirm the benefits of breastfeeding for survival of HIV-exposed children for the first 6 months in a context in which extensive counseling, support and other interventions were provided to reduce risks. Additionally, they confirm the potential risks of replacement feeding, independent of the event of weaning. In resource-constrained settings, it has long been recognized that promotion of breastfeeding is a key intervention for reducing the mortality among HIV-exposed and nonexposed children. In the context of antiretroviral drugs being available to reduce postnatal transmission through breastmilk, interventions to support HIV-infected mothers to exclusively breastfeed should be prioritized to promote HIV-free survival of HIV-exposed children.
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